Context. Millisecond pulsars are very useful for determining the properties of neutron stars, for testing General Relativity and for detecting gravitational waves. However, the number of known millisecond pulsars is very small compared to that of ordinary pulsars. Aims. We conducted one blind and three targeted searches for millisecond and submillisecond pulsars at radio frequencies. Methods. The blind search was conducted within 3
Introduction
In the past fifteen years the timing of millisecond pulsars in the radio domain has become an important field of research for pulsars and their emission mechanisms. Important results have been obtained in neutron-star physics and General Relativity (see Lattimer & Prakash 2007 and Lorimer 2008 for reviews). It has also been shown that, for certain pulsars, the stability of the rotation period is close to that of atomic time scales for an averaging time of several years (e.g. Janssen et al. 2010 ). However, this property generally does not hold when the observations extend over decades. Nevertheless, assuming a good stability of the rotation, a "pulsar" time scale may be calculated from a pulsar timing array (Taylor 1991 , Petit & Tavella 1996 , Guinot & Arias 2005 , Manchester 2011 .
It is thus essential to discover new millisecond pulsars in order to improve on the present results. In addition to better statistics on a larger set of data, one can hope to discover pulsars with a better stability of rotation. Presently, it seems that old millisecond pulsars with short period (less than 15 ms) and thus small period derivative are the most plausible candidates for a stable period. Furthermore, the timing of a widely distributed sample of millisecond pulsars has the potential to detect gravitational waves at nanohertz frequencies (van Haasteren et al. 2009 , Verbiest et al. 2009 , Manchester 2011 . Finally, the discovery of submillisecond pulsars would revolutionize fundamental physics, because the stiffest equations of state would then have to be abandoned (Haensel et al. 1995) .
It is likely that only a small fraction of the Galactic population of millisecond pulsars has so far been discovered. One reason for a low detection rate is that the sensitivity of many surveys decreases strongly with decreasing rotation period, mainly for high values of interstellar dispersion, because of insufficient sampling resolution in time and frequency. In particular, the searches at the turn of the century for submillisecond pulsars were unsuccessful (D'Amico 2000, Crawford et al. 2000 , Edwards et al. 2001 ).
This paper reports on a blind survey in the Galactic plane and three successive targeted searches conducted at the large radiotelescope of Nançay Observatory for short-period millisecond pulsars (ranging from 0.65 to 30 ms). The project was initiated in the 1990s to search for short-period pulsars with a technique of soft-correlation of radio signals developed for other applica-tions. At the time, the recording of radio signals at a very high sampling rate and their subsequent treatment by soft-correlation techniques was quite a challenge in view of the performances of standard computers, and was only being done in VLBI with dedicated instruments. The first years were devoted to writing software to read the VHS (and later SVHS) video tapes on which the data were initially stored and to developing dedicated parallel computers based on transputers, and later on shark processors, to perform the actual soft-correlations, along with the necessary software. The blind survey started in 1997, a time when past surveys had searched only a fraction of the parameter space, because of the limited sampling resolution in time and frequency. It was designed to be complementary to past and ongoing surveys by only searching with high sampling resolution. When the blind survey proved less successful than expected, targeted searches were meant to provide additional chances of finding pulsars with limited additional observing time.
The acquisition method is explained in Sect. 2, the data processing in Sect. 3, and its validation in Sect. 4. The blind survey and the three targeted searches are presented in Sect. 5. We put the null result of the blind survey in perspective by estimating in Sect. 6 the chances of detecting short-period pulsars with our setup, by way of simulations on a model for the Galactic population of millisecond pulsars.
Method of acquisition
The observations were obtained at the large radiotelescope 1 of Nançay Observatory. This is a transit instrument with a beam of 3.6x22 arcmin at zero declination and 1400 MHz.
In the initial stages of the project , the data acquisition was done with the VLBI S2 system and SVHS video tapes. The signal from the receiver in two bands (1400 and 1410 MHz) and in both polarizations was registered, totalling four channels, each 6.4 MHz wide. The sensitivity of the system was determined from the mean flux density of a detectable pulsar (7 sigmas). We measured a sensitivity of 3.5 mJy for 240 s of integration, from the signal-to-noise ratio (SNR) of PSR B1937+21 (Rougeaux et al. 2000) . We obtained 186 positions in the sky (hereafter points) of the blind survey with this setup. Shortly thereafter, the radiotelescope closed for renovation of the receiver, and the French space agency discontinued its support for this project, thus bringing observations and technical developments to a temporary halt.
In 2004 we replaced this system with a custom-made acquisition board that digitized the signal on one bit before sending it to an electronic board ADLink PCI-7300A revB, which stored the data on the 120Gb hard disk of a PC running under Windows 2000 OS. The system sampled the signal at a rate of 50 Mb/s on one bit and a 24-MHz band, one polarization, one channel, at the frequency 1370 MHz. One channel of this system (24 MHz) was equivalent to the old one (4x6.4 MHz), but the new system was much simpler to operate. We also confirmed the gain in sensitivity by a factor 2.2 of the new receiver of the radiotelescope after 2000. Procedures allowed the automatic acquisition of the data and their analysis in slightly differed time on PCs. The computation of the autocorrelation function with small time samples (typically 32 µs) was done on that computer before further treatment on more powerful computers (part of a cluster of 98 PC boards, and later two fast dual-core computers operating under Linux OS). The integration time of a single pointing was 1 http://www.obs-nancay.fr/en/index.php/instruments/radiotelescope set to 200 s and the corresponding sensitivity was 2.2 mJy. We obtained 2829 points of the blind survey with this setup.
In July 2006, a new custom-made acquisition board was installed at the radiotelescope. The signal was thereafter obtained at 1392 MHz, with a 48-MHz bandwidth and sampled at a rate of 100Mb/s, which raised the sensitivity by a factor 1.4. The integration time of each pointing was reduced to 160 s, so the sensitivity was 1.7 mJy. All three targeted searches and 2542 points of the blind survey were done with this setup.
The functioning of the backend was regularly checked by observations of PSR B1937+21, about twice a month.
Data processing
Our data processing scheme for 1-bit data has been described earlier (Rougeaux 1999 , Rougeaux et al. 2000 . Here we recall the algorithm used to detect pulsar signal in a single observation (Sect. 3.1). This processing method is hereafter called "survey mode". We then present the algorithm used to increase the sensitivity by using multiple consecutive observations (Sect. 3.2), which we call "cluster mode". The blind survey was reduced with the first method, while the reobservations of pulsar candidates in the blind survey and the three targeted searches were reduced with the other one.
Processing in "survey mode"
The first step of the processing is coherent folding of the signal. Then a search in a 3-dimensional parameter space (period P, dispersion slope D, and acceleration parameter A) is performed. The range of trial periods was initially 0.65 -3.0 ms. The lower limit corresponds to the fastest theoretically possible rotation period for a uniformly rotating neutron star (Haensel et al. 1995) . Following the recommendation of the radiotelescope time allocation committee, we extended this range to 0.65 -30 ms when we started the targeted searches at the end of 2006, at a low computational cost (about 25%). We then also applied the extended range to the blind survey, thanks to the increased computational power available.
For a given set of trial values P, D, A, the folding process yields an SNR value S (P, D, A). The typical numbers of trials are N P ≃ 10 6 −2×10 6 for period, N D ≃ 100-200 for dispersion slope, N A < 10 for acceleration. In addition, for each trial, the signal is searched for in about ten positions in phase so that the search space has about 10 10 elements. All SNR values higher than a given threshold (e.g. for an SNR threshold of 4.0, typically 10 6 elements out of 10 10 ) are kept for further analysis. Because the acceleration parameters are relatively few, the results are examined independently for each value of this parameter. The retained values S A (P, D) are then grouped by peaks (clusters of adjacent points in the plane P − D).
Once this basic treatment is done, all signals with maximum SNR higher than some threshold (typically 6.5) are extracted and examined. Except when radio-interferences are present, the processing typically yields one such candidate peak every three to five observations. For the candidate peaks, the raw data are reanalyzed with slightly different trial values, centered on the candidate values, and with finer steps in period, dispersion slope and acceleration. Candidates that maintain the SNR for varying trial values (about one per 50-100 observations) are reobserved.
Processing in "cluster mode"
For N O consecutive observations, the results are then N O series S i (P, D, A), with i from 1 to N O . For a pulsar in a binary system, P may vary within each observation (i.e. the acceleration parameter is not zero), and P will also vary between each observation, therefore a new parameter P d = P(i + 1) − P(i) is needed. Obviously the parameters A i and P d are correlated. However, the A i are poorly determined in each observation, thus they cannot directly be used to connect candidate peaks between the N O consecutive observations, especially as the candidate peaks are quite numerous (all SNR greater than typically 4-4.5). On the other hand, the dispersion measure of a pulsar is the same in all observations. The processing is then broken into N D independent procedures, each concerning one trial dispersion slope, for which the matching of (P, A, P d ) is performed as follows.
The Hough transformation (Aulbert 2007 ) is used to transform the search in the plane (T, P), where T represents time (i.e. the sequence of observations), into one in the plane (P d , P). Assuming that the total time span is short enough for a pulsar period to vary linearly with time, in the first parameter space, a pulsar is represented by a line P = P0 d .i + P0 where P0 is the period at the reference epoch, and P0 d the period derivative. The line representing a pulsar is to be found as one that fits the measurement results (i, P i ). In the second parameter space (P d , P), the measurement results are transformed to lines P = P i − i.P d and the pulsar is represented by a single point (P0 d , P0). The point representing the pulsar is found at an intersection of lines.
With respect to this basic procedure (see a more detailed description in Aulbert, 2007) , two additional features are introduced, as each measurement (i, P i ) comes with an SNR S i and an acceleration parameter A i . First, the acceleration parameter is used to constrain the P d value; i.e., each measurement produces not a full line, but a segment in the (P, P d ) plane. Second, each segment is assigned S i as a weight so that each intersection of lines comes with the combined weight of the participating segments, in effect providing the detection SNR if the intersection of lines corresponds to a real pulsar.
The results S (P0, P0 d ) for all dispersion slopes D are then assembled and grouped by peaks (clusters of adjacent points in the plane P − D) and peaks with large SNR are examined. The couple (P0, P0 d ) for the maximum SNR provides the period and period derivative of the observed, or candidate, pulsar. An example of such a processing is given in Sect. 4.2.
Theoretical performance
The point source efficiency at zero declination is about 1.6 K/Jy at 1400 MHz, and the system temperature is about 35 K, which leads to a 7-sigma theoretical detection threshold of 1.2 mJy for one 160-s observation at 100 Mb/s. The actual sensitivity is lower for several reasons: loss due to the 1-bit digitization, decrease in sensitivity with declination differing from 0, losses due to rounding in the folding process, etc.
The sensitivity of the targeted search was tested by the detection of known faint pulsars in globular clusters, in the framework of the targeted search in globular clusters (see Sect. 5.2). Table 1 gives the results for five pulsars, each observed with three or four successive integrations of 160 s (see more details in Sect. 4.2). . These regular observations of the pulsar were made to check the functioning of the backend and monitor the sensitivity of the setup.
Performance validation for "survey mode"
We regularly observed the millisecond pulsar PSR B1937+21 (P=1.557 ms, DM = 71cm −3 pc) 2 in order to check the operation of the system and to obtain estimates of the achieved detection sensitivity. With the last setup, we obtained 99 60-s observations on 32 different days (see Fig. 1 ). The average detection SNR is 28.3 and the median value is 27.
Our results imply that PSR B1937+21 would be detected with an SNR of 46 (or 44 when using the median value) with an integration of 160 s. Assuming that the main pulse of PSR B1937+21 is a source with a mean flux density of 10 mJy, we infer a 7-sigma detection threshold of 1.52 mJy (or 1.59 mJy when using the median). Taking a safety margin, we can state that the sensitivity of the blind survey is about 1.7 mJy for one 160-s integration with the backend installed in July 2006.
Performance validation for "cluster mode"
We have validated the strategy for processing consecutive observations of an accelerated pulsar by applying it to the binary pulsar PSR B1744-24A in the globular cluster Terzan 5. This pulsar is strong enough (when not in eclipse) to be easily detected and is in a close enough binary system to display relatively large variations in the period and period derivative within typical observing times (a few 160-s observations). We carried out 18 consecutive 160-s observations on 16 March 2007. The 18 observations were then processed in 16 groups of three observations, following the procedure described in Sect. 3.2. The detection SNR values obtained in these analyses are shown in Fig. 2 . They are perfectly consistent with the coherent addition of the SNR values obtained by treating all integration separately, except for one point at binary phase 0.98 for which the assumption that the pulsar period varies linearly does not hold sufficiently over three consecutive observations.
In our search for new pulsars, we also observed globular clusters with known pulsars, which allowed us to check the processing in "cluster mode" (the same validation can also be performed on field pulsars, but at the cost of some extra observing time). Table 1 presents a summary of the results that we now explain in some more details. As an example, PSR J1807-2459A in the cluster NGC 6544 has an expected flux density of 1.1 mJy at 1400 MHz, thus would yield an SNR that is quite insufficient for detection using only one 160-s integration. Processing of three consecutive observations yields an SNR of 8.4, allowing detection in a wide search. Similar detections were obtained for several other pulsars. For PSR B1821-24 in NGC 6626, the flux density is 0.18 mJy in ATNF, but 1.1 mJy in Lyne et al. (1987) . We obtained an SNR of 8 for four successive 160-s observations, which seems to favor the second value. For PSR B1620-26 in NGC 6121, with an expected flux density of 1.6 mJy, we obtained an SNR of 19 for four 160-s observations. For the field S1400 > 1mJy S1400 < 1mJy S1400 unknown Fig. 3 . Dependence of the sensitivity on dispersion measure. The sensitivity decreases progressively toward higher dispersion measures. The diagonal lines correspond to a dispersion representing 0.1, 1, and 2 windows per frequency channel, respectively. The individual points are known millisecond pulsars with different symbols depending on their flux density at 1400 MHz.
eclipsing pulsar PSR J2051-0827, the expected flux density is quite variable and is reported at 2.8 mJy in ATNF, but only 1.1 mJy in Stappers et al. (1996) . We obtained an SNR of 9 for four 160-s observations, which is consistent with the second value. Overall, we can expect to obtain a 8-sigma detection threshold at about 1 mJy or slightly below with four consecutive observations.
Dependence of the actual sensitivity on dispersion measure
The sensitivities quoted above are nominal sensitivities, and the actual ones will depend on the dispersion measure at the distance of the pulsar. This is true for any processing method. In our method, the power spectrum is computed over time windows of a small fraction of the tested period and typically uses 128 frequency channels. Because of the 1-bit sampling the spectrum is normalized and we rely on the variation in the power (with time across the windows and with frequency across the channels) due to the dispersion of the pulse to detect a pulsar. The effect of the dispersion measure on the sensitivity is shown in Fig. 3 . Starting from the bottom, the first diagonal line is the limit below which we can hardly detect pulsars because the dis- persion is too low (less than 0.1 window per frequency channel), and the signal is spread equally in all frequency channels. As the dispersion increases, the signal for a given window in time is spread over fewer frequency channels, and contrast appears between channels with and without signal. The sensitivity is optimal (i.e. 0.9 mJy for four integrations of 160 s and reduction in "cluster mode") in the region between the first and second diagonal line, i.e., between 0.1 and 1 window per frequency channel. Above the second diagonal line, the sensitivity decreases by a factor 2 because the dispersion is between one and two windows per frequency channel. Above the top diagonal line, the sensitivity loss is such that we simply did not search that part of the parameter space during processing. These are not strict limits, however, at neither the low nor the high end. For example, the signal of the pulsar is spread over 20 channels out of 128 for a dispersion of 0.05 window per frequency channel, so there is still some contrast in the power spectrum between a window with no signal and a window with a signal in some part of the band. For high dispersion values, the pulse is spread over several windows so the fraction of the signal in each window is reduced, and furthermore the contrast in the power spectrum of a given window is also reduced, because the signal will appear in different channels for different pulses.
There are other practical reasons for limiting the search to the interval between 0.1 and 2 windows per frequency channel. Below 0.1, pulsars with such low dispersion must be nearby and should already have been detected, and above 2, pulsars with such high dispersion measure are more likely to be distant, thus too faint given the decreased sensitivity. 
The searches
Our initial goal was to do a blind survey in the Galactic plane. But after two years of unsuccessful searching, we estimated that the probability of return per hour of observing time was probably higher in targeted searches than in a blind survey, so we decided to try them as well.
There are several possible types of targeted searches for millisecond pulsars. The most successful by far is to point at Galactic globular clusters. This is where most recent searches for such objects have been done (e.g. Possenti et al 2003 , Freire et al 2005 . Another option is to select radiosources with no optical counterpart in catalogs of radiosources, as done by several groups (Crawford et al. 2000 , Han et al. 2004 , and with success by Navarro et al (1995) . Pulsars can be distinguished from other radiosources in blind surveys by their steep spectral index and by a high degree of polarization, usually above 5%. Millisecond pulsars tend to show the same, sometimes high, degree of linear polarization as ordinary pulsars (Yan et al. 2011) .
The blind survey
The blind survey was conducted in the Galactic plane, where most pulsars are likely to be: latitude (b) smaller than 3
• , longitude (l) between 20
• and 110
• . One could argue that in setting a limit in b rather than in height above (or below) the Galactic plane, we miss nearby pulsars that are at high b and in the Galactic plane. However, as shown below (Sect. 6.2), the gain in detectable pulsars would be largely offset by the cost in telescope time.
A typical observing run was done at a set declination and lasted 20 to 120 minutes (depending on the declination and the alloted time), shifting the telescope (in fact the receiver, since this is a transit instrument) by one beam in right ascension after each short integration. A better observing strategy was to shift by multiples of one beam and return to that declination at later dates to fill the gaps. The selected declinations were also separated by one beam, so that all pointings were separated by at least one beam in either direction. The total amount of telescope time attributed to this project over the years was 549.3 hours, at which point the time allocation committee wisely decided to cut its losses. We observed 186 points in the sky with the first setup (sensitivity ≃ 3.5 mJy for integrations of 240 s), 2829 points with the second setup (sensitivity ≃ 2.2 mJy for integrations of 200 s) and 2542 points with the last setup (sensitivity ≃ 1.7 mJy for integrations of 160 s). Seventy points were observed several times, leading to a total of 5487 different points observed out of a total of 22057, that is, a coverage of 25% of the planned survey. The actual sensitivity was different in some of the pointings. In the second semester of 2004, the sensitivity progressively degraded from 2.2 to 2.7 mJy due to an unnoticed desynchronization in the acquisition. A bug in the treatment software in late December 2004 lowered the sensitivity by about half for 57 points. We attributed a slightly higher sensitivity (by an arbitrary amount of 20%) to the 70 points observed repeatedly, because of the better chance of detecting pulses as the effective flux may vary and as the fixed set of tested values in the parameter space may better match the actual parameters of the pulsar.
A map of the survey region in Galactic coordinates with the covered region shown as circles (colors depending on setup) is presented in Fig. 4 . The figure shows that a few points were observed outside the region of the survey, either by mistake, or by opportunity (to save repointing the telescope). The figure also shows that regions below l = 70
• are poorly sampled, because of oversubscription of the telescope time by a factor greater than 2 at the corresponding right ascensions. While millisecond pulsars are likely to be more frequent at lower Galactic longitudes (closer to the Galactic center), their a priori detectability is strongly reduced by pulse smearing at longitudes below 50
• (see Sect. 6 and Fig. 5) . However, the drawback of higher declinations (and thus higher longitudes) is that the antenna aperture efficiency is progressively reduced, with a loss of sensitivity of 15% at l ≃ 85
• and 28% at l ≃ 110
• (Fouqué et al. 1990 ). About half of our pointings suffer a loss of sensitivity of 20% or more because of that effect.
During the survey we identified 25 pulsar candidates with an SNR≃7. They are listed in Table 2 , together with their coordinates (1950 equinox), probable period (in ms) and the number of 160-s integrations in the reobservations. Note that the last two candidates were not reobserved for lack of observing time. Their reobservation and analysis in "cluster mode" (see Sect. 3.2) did not enable us to confirm them. Some of these presumably false detections can be explained by interferences from radars at civilian and military airports near Paris.
Globular clusters
The central regions of globular clusters are favorite targets when searching for millisecond pulsars, because they are regions of very high stellar density. In such regions, multiple encounters between stars favor the formation of binary stars (Bailyn 1995) , and, when one of the stars is a pulsar, favors the acceleration of the pulsar to periods of about a millisecond (pulsar recycling). Furthermore, a large number of binary stars in globular clusters may in fact be primordial binaries (Hut et al. 1992) , thus increasing the probability of finding recycled pulsars in globular clusters.
We selected globular clusters as targets using three criteria:
-Avoid the zone accessible to the radiotelescope in Arecibo, which, with its large collecting area and its new ALFA receiver, can conduct much more sensitive searches than us. -Aim at nearby globular clusters, with high stellar density, and where no millisecond pulsars have been detected so far. -Select preferentially those clusters where the dispersion measure is highest, and hence where pulsars are difficult to detect with some of the search techniques used in past surveys (see below).
To test the feasability of our project, we selected in the ATNF the 32 pulsars discovered in globular clusters as of April 2006 with a published flux density. If the flux density was given at 400 MHz, it was converted to 1400 MHz assuming a spectral index of -1.8. We then calculated the number Np of these 32 pulsars that would be detected if they were all in each of the different Galactic globular clusters. We selected those clusters in which we have a reasonable chance of detected millisecond pulsars taking Np, the sensitivity of our search, and the value of the dispersion measure at the distance of the cluster into account. Other clusters were added in the course of the search to test the sensitivity for reduction in "cluster mode" (see Sect. 4.2) or to optimize the use of the available telescope time.
We obtained 28.33 hours (+ 3 of discretionary director's time) of telescope time for this project. The list of observed globular clusters and their characteristics are given in Table 3 . The successive columns are the name of the cluster, the range in dispersion measure (from the model of Cordes & Lazio 2002) , or the dispersion measure (from the ATNF catalog) if millisecond pulsars have been detected in the cluster, in cm −3 pc, the expected number Np of pulsars with a flux density above 1 mJy (assuming that all 32 know millisecond pulsars are in that cluster), the date of observation, and the number of pointings.
Candidates were detected in the clusters NGC 6171, NGC 6254 and NGC 6809, which were reobserved repeatedly. No new millisecond pulsar was detected.
Bright polarized point-like radiosources with steep spectra
In the second targeted search, the candidate pulsars were selected from the catalog of steep spectral index radiosources published by De Breuck et al. (2000) . While their catalog was constructed with the aim of obtaining a large sample of high-redshift radiosources, because spectral index tends to increase with the redshift of optically identified sources, a large negative spectral index is also a property of millisecond pulsars. We extracted the information on polarization and on source size from the NVSS 3 catalog of radiosources. From this complete list, we extracted the sources that were unresolved and polarized (≥ 5%). These criteria give 26 sources, two of which are in fact known pulsars (PSR J0630-2834 and PSR J2313+4253). We removed them from the list and checked that the 24 other sources are not in any database (Simbad, NED, Hyperleda). The final list is given in Table 4 , together with their 1400-MHz flux density in mJy, spectral index between 1400 and 326 MHz, percent polarization, the date of our observation, and the number 2000). We obtained 18.67 hours of telescope time for this project and observed all the sources in the list. None of them turned out to be a pulsar.
Faint polarized point-like radiosources
In the third search, we extracted the candidate pulsars from the NVSS catalog. This catalog contained 97 of the 1775 pulsars in the ATNF catalog at the time of the project (early 2008). From the NVSS catalog, we first extracted the sources with 1400-MHz flux densities between 2 and 10 mJy. We did not try to determine their spectral index, as in the previous set of targets, because there is no hope of finding these faint sources in catalogs at other frequencies.
We then selected those sources that were polarized (polarized flux density > 20% of total flux density) and with SNR in total and polarized flux density above 3. This produced a list of 2105 sources. In this list, we found six pulsars (PSR J0358+5413, PSR J0538+2817, PSR J0814+7429, PSR J0922+0638, PSR J1745-3040, PSR J1840+5640), none of which has a very short period. But one should note that none of the 45 known millisecond pulsars with periods less than 3.3 ms has 1400-MHz flux densities above 2 mJy, except PSR B1937+21, so they cannot be in that catalog. We then further restricted the sample to the Galactic plane (|b| < 12
• ), also eliminating the region 75
• < l < 165 • and |b| < 5.5
• (recently surveyed by Hessels et al. 2007 ), the region of our own blind survey, and the right ascensions heavily oversubscribed at Nançay (17h00-19h40). We removed all sources identified in NED, SIMBAD, and 2MASX. We also carefully examined the postage-stamp images of all the sources and removed those that looked like noise, as well as close double sources (which are likely to be double-lobed radiogalaxies). This brought the to-tal number of targets to 92. Some ambiguous cases (multiple sources, not quite point-like sources) were left in the sample, since at this low flux level it is sometimes difficult to distinguish real features from noise.
We were given 21.67 hours of telescope time for this project, which enabled us to observe 65 of them (with one source observed twice). They are listed in Table 6 , which gives the NVSS name, the flux density at 1400 MHz in mJy, and the percent polarization. This last targeted search did not produce any new millisecond pulsar, which seems to confirm that most radiosources with ultrahigh polarization are radio-loud active galactic nuclei (Shi et al. 2010 ).
The conclusion of the two targeted searches in catalogs of radiosources is that the luminosity function of millisecond pulsars is simply too faint to allow a meaningful number of them to be found in large surveys like NVSS or FIRST. The small number of sources observed does not allow us to be more quantitative.
The Galactic population of millisecond pulsars
We now examine whether the null result of our blind survey is statistically compatible with the Galactic distribution of millisecond pulsars as we know it. The method is the following. We adopt a model for the distribution of millisecond pulsars in space, rotation period, and luminosity, produce a large number of Galactic populations of synthetic millisecond pulsars, and, for each realization of the simulation, we compute how many synthetic pulsars should be detected in our blind survey, by comparing the properties of each synthetic pulsar (position, rotation period, flux density) with the coordinates and actual sensitivity of each of our 5487 pointings, taking the effect of the dispersion measure on the detectability into account in each case. The number of detected pulsars should be zero in most realizations, otherwise our model overestimates the true number of millisecond pulsars.
Model for the Galactic population of pulsars
Several models have been proposed over the years to characterize the population of pulsars in the Galaxy, either ordinary (Lyne et al. 1985; Yusifov and Küçük, 2004; Lorimer et al. 2006; Faucher-Giguère & Kaspi 2006) , millisecond (Lorimer et al. 1996; Cordes & Chernoff, 1997; Story et al. 2007 ), or both (Lyne et al. 1998; Faucher-Giguère & Loeb, 2010) .
The population of millisecond pulsars is too small to allow for a precise modeling of their spatial distribution. However, they are thought to have larger radial and vertical scale lengths than those of ordinary pulsars, because they are likely to have lost the memory of their birth location due to a high initial velocity.
We adopt the spatial distribution used by Faucher-Giguère & Loeb (2010). The radial density in the Galactic plane is ρ(r) ∝ exp(−r 2 /2σ 2 ), where r is the radial distance from the Galactic center and σ = 5 kpc. For ordinary pulsars, σ = 3.6 kpc (Yusifov and Küçük, 2004) . Our simulations and others (Lorimer et al. 1996) have shown that the exact radial dependence is in fact not important, because most millisecond pulsars are faint, and the heavily populated region toward the Galactic center is "obscured" by a high dispersion measure (see Fig. 5 ). Most detectable millisecond pulsars are thus within 2 or 3 kpc of the Sun (which in this paper is assumed to be located 8 kpc from the Galactic center). The distribution perpendicular to the Galactic plane is a simple exponential : ρ(z) ∝ exp(−|z|/h), where z is the distance from the Galactic plane and the scale height h = 500 pc (Cordes & Chernoff 1997 , Story et al. 2007 ). This value is at the upper end of those estimated for ordinary pulsars (330-600 pc). Adopting a higher value for the scale height slightly reduces the number of pulsars at low Galactic latitudes, and hence the probability of detection in our blind survey. We do not take into account a possible increase in h with r (Yusifov 2004) , which would reduce the number of pulsars in the Galactic plane even more.
The total number of millisecond pulsars is highly uncertain. Lorimer et al. (1995) estimate that there are 40 000 millisecond and low-mass binary pulsars above L min = 2.5 mJykpc 2 at 436 MHz. Lyne et al. (1998) estimate that there are 30 000 millisecond pulsars above L min = 1 mJykpc 2 at 400 MHz. Desvignes (20092009) finds 46 000 millisecond pulsars above L min = 0.1 mJykpc 2 at 1400MHz using model C of Lorimer et al. (2006) , which amounts to 23 000 above 0.2 mJykpc 2 with our adopted luminosity function. We adopted a total number of 30 000 millisecond pulsars above L min = 0.2 mJykpc 2 at 1400 MHz, which is a happy medium between the above estimates, using a spectral slope of -1.8 to convert L min to the right frequency.
The observed distribution of millisecond pulsar rotation periods P is a power law of index +3 (Hessels et al. 2007 ). However, the paucity of fast-spinning pulsars is the result of selection effects (see Sect. 1 and Lorimer et al. 1996) . Following Lorimer et al. (1996) , we adopt a distribution of rotation periods that is uniform in log(P). The lower limit of 0.65ms is the lowest theoretically possible one (Haensel et al. 1995) , and the upper limit reflects an observed cutoff. Cordes & Chernoff (1997) assume a period distribution in the form P −1 . For the rotation periods of ordinary pulsars, a log-normal distribution is generally assumed (Lyne et al. 1985 , Lorimer et al. 2006 .
The distribution of luminosities is also modeled by a power law, down to the lowest luminosity , Hessels et al. 2007 , Bagchi & Lorimer 2010 
, and 0 otherwise, with n around unity. We adopted n = 1. The luminosity distribution of ordinary pulsars has been modeled by one or two power laws (Lyne et al. 1998 , Guseinov et al. 2003 . Models where the luminosity distribution depends on the pulsar period and its derivative have also been considered, for both millisecond and ordinary pulsars (Story et al. 2007 ). The flux density was computed by multiplying the luminosity by the square of the distance to the synthetic pulsar.
Finally, we take possible pulse smearing by the interstellar medium into account, using the Galactic free electron model NE2001 4 of Cordes & Lazio (2002) to estimate the dispersion measure (DM) at the distance of the synthetic pulsars. If DM > 86.38P, where P is the period in ms and DM is in cm −3 pc, the sensitivity is reduced by half. If DM > 172.76P, the sensitivity is reduced by a factor 3 or more, and we consider that the pulsar is undetectable (see Fig. 3 ). On the other hand, we ignore the effects on the flux density of diffractive interstellar scintillation, which can make the measured flux density vary by a large factor, as shown for PSR B1937+21 in Fig. 1. 
Results of the simulations
We did many simulations of the distribution and detectability of the pulsar population in the region of our blind survey, using the above model and parameters. Out of a population of 30 000 synthetic pulsars in the Galaxy, only about 4600 short-period millisecond pulsars (P ≤ 3ms) fall in the region of the survey extended to 0
• < l < 120 • and |b| < 4
• for comparison with Fig. 4 . (730) pulsars remaining after eliminating the undetectable ones (because of pulse smearing at high dispersion measure) and corresponding histogram of flux densities. Both histograms are limited to flux densities higher than 0.1 mJy for clarity.
There are about 5700 long-period millisecond pulsars (P > 3ms) in that region, which thus contains a bit more than a third of the total population of synthetic pulsars. We show the result of one simulation in Fig. 5 . The distribution of the short-period pulsars is shown in the top panel, together with the histogram of flux densities above 0.1 mJy. The smooth curve is the mean histogram for a thousand simulations. The pulsars are concentrated in the region nearest to the Galactic center. However, when considering the effect of high DM, that is, eliminating all the pulsars above the top diagonal line of Fig. 3 , the overall population of detectable pulsars in the region of the survey is reduced by a factor 6. This is shown in the bottom panel of Fig. 5 , where the region near the Galactic center is no longer heavily populated, and the region 40
• < l < 80
• becomes the most populated. This depopulation of the detectable pulsars is not so critical if one only considers the pulsars with a high flux density, say above 1 mJy. This population is reduced from 17 to 9, that is, by about half, because the depopulation affects mainly pulsars with a high DM, which are necessarily more distant, thus fainter and more difficult to detect.
The number of detectable pulsars for a given sensitivity cannot be read directly from the histogram of the lower panel of Fig. 5 , because the actual sensitivity will depend on the DM at the distance of the pulsar. Taking the example of our project, we find that 4.2 pulsars in the extended region of our survey are detectable for the nominal sensitivity of 1.7 mJy of our last setup (taking the effect of large DM into account), and 7.7 pulsars are detectable for a sensitivity of 0.9 mJy (which is achieved with four integrations of 160 s and reduction in "cluster mode"). This means that, if we want to double our chances of detecting a pulsar, we have to increase our sensitivity twofold. This can be achieved by a larger bandwidth, but, if keeping the equipment unchanged, it would require increasing the telescope time fourfold, which is not an economical strategy. It is more efficient to extend the region of the survey rather than increase the sensitivity (provided the added region is as rich in potential pulsars as the initial region). Only at much higher sensitivities does the number of synthetic pulsars go up significantly with increased sensitivity (see histograms of Fig. 5) . Now, to estimate whether a synthetic pulsar is detected in any one of our pointings, we model the beam pattern of the radiotelescope by a sinc 2 function in both coordinates (modeling by a Gaussian is only acceptable within the half-power beamwidth), and compute the sensitivity correction at that pointing as ∆s = sinc 2 (dα)sinc 2 (dδ), where dα and dδ are the angular distances of the synthetic pulsar to the center of the beam in right ascension and declination, respectively. The half-power beamwidth is 3.6'x22' at 1400 MHz and zero declination, and there is an additional correction in declination above 22.7
• . The beamwidth is about a factor 1.32 larger in declination at our highest declination. We also consider the loss of gain due to variable aperture efficiency and atmospheric absorption, using the equation given by Fouqué et al. (1990, their equation 1) .
The results of 200 000 simulations are given in Table 5 , where N p is the number of detected synthetic pulsars, P s the probability of detecting N p pulsars in our survey of 5487 pointings, P 1.7 the probability of detecting N p pulsars if we had completed the whole survey with a nominal sensitivity of 1.7 mJy from beginning to end, and P 0.9 the probability of detecting N p pulsars if we had surveyed the more densely populated region |b| < 2
• and 45.0
• (3761 pointings) with a higher sensitivity of 0.9 mJy (by doing four 160-s integrations at each pointing and reducing the data in "cluster mode").
In summary, we had one chance in four of detecting one or more short-period pulsars in our incomplete survey. Were we to redo the complete survey with the sensitivity reached in the last setup, we would have a 79% chance of success, but even so the harvest would be far from spectacular. And this ignores the effect of interstellar scintillation, which reduces our chances of success by an unknown amount. While the third option of surveying a smaller region with a higher sensitivity may a priori seem attractive, it has a low return and is in practice unfeasible at a transit instrument like the Nançay radiotelescope, because it would monopolize the right-ascension slot 19h-20h for about two years.
As mentioned in Sect. 5.1, we miss nearby high-latitude millisecond pulsars when limiting the blind survey to low latitudes. If we set no limit in b (there is of course no way of limiting the survey in linear height above the Galactic plane), we find that there are about 6510 (rather than 4600) short-period millisecond pulsars in the region of our survey, 1980 (rather than 730) detectable ones, and 29 (rather than 9) above 1 mJy. However, we would have to scan about half the sky visible at Nançay to complete the survey, so this is another unrealistic option.
Comparing our simulations with the population of known millisecond pulsars, we find 14 known field millisecond pulsars with a known flux density at 1400 MHz in the region of our blind survey, and the faintest one has a flux density of 0.05 mJy. Down to that value, there are about 33 synthetic millisecond pulsars, so that about half the total population predicted by our simulations in that region have already been detected.
Incidentally, the sensitivity of our blind survey is such that, among these 14 known millisecond pulsars, only PSR B1937+21 and PSR J2007+2722 (which has a period of 24 ms) can be detected with our setup.
To put the results of our blind survey in perspective, we mention the results of another blind survey for millisecond pulsars conducted at Nançay at about the time that we started our own survey. A survey of 45000 pointings in the region 180
• ≥ l ≥ −15
• and |b| ≤ 3
• was conducted in 1997-98 (Foster et al. 1997 ), using a different backend and method of analysis. The frequency, bandpass, integration time, and nominal sensitivity of the survey were 1360 MHz, 144 MHz, 120 s, and 0.6 mJy, respectively, and the sampling resolution was 1.5 MHz in frequency and 60 µs in time. It produced only two new pulsars, both with periods longer than 100 ms (Ray et al. 1999) . The reanalysis of 15% of the stored data with a different method produced 341 candidate millisecond pulsars, and observing 200 of them again did not reveal any new pulsar (Desvignes 2009 ). With our simulations, we find that there are 30 synthetic millisecond pulsars in the region of the survey above the flux limit, but only 14 of them are detectable with our processing method in the best-case scenario (i.e. if the telescope points exactly at the pulsar in each case). This confirms what was probably widely believed, that it is notoriously difficult to detect millisecond pulsars. As one referee of our telescope time requests stated, it is a high-risk, high-reward project.
Conclusions
The present project was started with no assumptions on the total population of millisecond pulsars (except that it must be large) and with the specific aim of detecting a population of fastspinning (sub)millisecond pulsars. The results of the small surveys targeted at unidentified radiosources suggest that, despite PSR B1937+21, bright fast-spinning pulsars are rare. The null result of the blind survey agrees with our present understanding of the field population of millisecond pulsars, the order of magnitude of the total population, its absence of strong clustering, and the distribution of periods. Our conclusion is that the present models of the Galactic population of millisecond pulsars are not unduly pessimistic and that the population of fast-spinning millisecond pulsars cannot be unexpectedly large.
This project was also fruitful in a broader context: over 24 students worked as interns on the project over the years, and most of them subsequently made use of the acquired skills in their career.
Finally, we hope that future prospective searches for millisecond pulsars will successfully make use of our experience and of the numbers given here.
